Abstract. Velocity dispersed ion signatures (VDIS) occurring at the plasma sheet boundary layer (PSBL) are a well reported feature. Theory has, however, predicted the existence of multiple ion beamlets, similar to VDIS, in the boundary plasma sheet (BPS), i.e. at latitudes below the PSBL. In this study we show evidence for the multiple ion beamlets in Polar/TIMAS ion data and basic properties of the ion beamlets will be presented. Statistics of the occurrence frequency of ion multiple beamlets show that they are most common in the midnight MLT sector and for altitudes above 4 R E , while at low altitude (≤3 R E ), single beamlets at PSBL (VDIS) are more common. Distribution functions of ion beamlets in velocity space have recently been shown to correspond to 3-dimensional hollow spheres, containing a large amount of free energy. We also study correlation with ∼100 Hz waves and electron anisotropies and consider the possibility that ion beamlets correspond to stable auroral arcs.
Introduction
The existence of ion beamlets originating in the magnetotail and bouncing back and forth while drifting towards the Earth have been predicted in test particle calculations (Chen and Palmadesso, 1986; Bosqued et al., 1993a,b; Ashour-Abdalla et al., 1992 Delcourt and Martin, 1999) and selfconsistent simulations (Burkhart et al., 1993) . The beamlets in the simulations are formed in the vicinity of the X-line reconnection where the B z component of the magnetic field is small.
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The first of the ion beamlets, the one that occurrs in the plasma sheet boundary layer (PSBL), often forms the socalled velocity-dispersed ion signature (VDIS). Characteristic to VDIS is an increase of the energy with increasing latitude seen in satellite ion spectra at any altitude (Elphic and Gary, 1990; Baumjohann et al., 1990; Zelenyi et al., 1990; Bosqued et al., 1993a,b; Onsager and Mukai, 1995; Hirahara et al., 1996 Hirahara et al., , 1997 Sauvaud et al., 1999; Lennartsson et al., 2001) . Isolated ion flux enhancements beyond 15 R E were reported by Grigorenko et al. (2002) and later at ∼3 R E by Grigorenko et al. (2003) . Although also called "beamlets" by the authors, these structures may be related to but are probably strictly speaking distinct from the VDIS-beamlets studied here.
The distribution function of VDIS structures in velocity space forms a so-called ion shell (Janhunen et al., 2003a; Olsson et al., 2004) , i.e. a hollow spherical shell in velocity space. Because of the positive slopes (derivative of the distribution function with respect to energy), the ion shells can contain a lot of free energy. Particle simulations have indicated that releasing this free energy is possible at least under some conditions by ion Bernstein waves (Janhunen et al., 2003a) . In Polar data one can see how ion shells appear in different plateauing stages, which we interpret as different stages of releasing their free energy (Olsson et al., 2004) . The plateaued ion shells are found to correlate with broadband waves and electron type anisotropy (T >T ⊥ ). One interpretation is that the waves consume the shell distribution energy and give it to parallel middle-energy electron energisation (Olsson et al., 2004) .
The purpose of this paper is to show observations of multiple ion beamlets in the PSBL and boundary plasma sheet (BPS) regions using TIMAS ion instrument below 6 R E radial distance. Multiple ion beamlets have previously been predicted to exist from test particle calculation (AshourAbdalla et al., 1995) . We will clarify the relationship between multiple ion beamlets and VDIS (Zelenyi et al., 1990) as well as their relation to ion shells (Janhunen et al., 2003a; Olsson et al., 2004) . We will also statistically show how the occurrence frequency of ion beamlets depends on altitude, K p conditions and MLT sector. In previous studies (Janhunen et al., 2003a; Olsson et al., 2004) we have studied the correlation of ion shells (associated with VDIS) with broadband waves and ansiotropies. Here we will continue and study how the multiple ion beamlets correlate with these parameters. In this study we improve the previous study by also looking at Polar/PWI wave data especially in the frequency range 26-500 Hz. The correlative relationship of ion beams and broadband PSBL waves has been demonstrated and studied in the magnetotail earlier (Dusenbery and Lyons, 1985; Schriver and Ashour-Abdalla, 1987) , but the physics is rather different from what we study here because our magnetic field below 6 R E is ∼10-20 times higher than in the magnetotail and, consequently, ion magnetisation can no longer be neglected.
We will in this study use the following convention for the naming of zones (Winningham et al., 1975) . When approaching from the polar cap, one first encounters the rather thin (∼1 • latitude) plasma sheet boundary layer (PSBL), then the several degree wide boundary plasma sheet (BPS) and after that the central plasma sheet (CPS). CPS maps by definition to diffuse aurora and BPS and PSBL to discrete aurora. CPS/BPS boundary is sometimes difficult to determine unambiguously from satellite data above the acceleration region (Eastman et al., 1984) . Our usage of the terminology is similar to that used by Winningham et al. (1975) except that Winningham does not have a PSBL between his BPS and polar cap.
The structure of the paper is as follows. In the instrumentation section the employed instruments on the Polar satellite are briefly presented. After this follows a section describing the data processing for estimating ion beamlets. Example beamlet profiles in energy-latitude space as well as statistics of the occurrence frequency of beamlets as a function of altitude, K p and MLT are shown in section "Observations of ion beamlets in BPS and PSBL". A study of the correlation between beamlets, electrostatic broadband waves (26-500 Hz) and anisotropy of electrons (100-1000 eV) is shown in the following section. The paper ends with a discussion and conclusions.
Instrumentation

Polar data
In this paper we use summary Polar/TIMAS ion data from 1996-1998 (Shelley et al., 1995) archived at the NASA Space Science Data Center for identifying ion beamlets. Polar data from the two years period cover the altitude ranges 5000-10 000 and 20 000-32 000 km.
To support the interpretation of TIMAS data, in two events we also use Polar Electric Field Investigation (EFI) data (Harvey et al., 1995) and HYDRA electron data (Scudder et al., 1995) . More details about using these data and example plots can be found e.g. in our previous publications (Janhunen et al., 2004b (Janhunen et al., ,a, 2003a Olsson et al., 2004) . From the plasma wave instrument (PWI) (Gurnett et al., 1995) one has continuous electric wave amplitude data in the frequency range 26 Hz-800 kHz. PWI data are available for the years 1996-1997.
Data processing
3.1 Estimate of ion beamlets from Polar/TIMAS ion detector
Ion beamlets are structures of the distribution function f in energy-latitude space. Unless they are very strong, they are difficult to see in standard differential energy flux spectrograms. For studying them, a better visualisation method is thus needed. We have found that the following quantity S is convenient for this purpose:
where f (E) is the distribution function as a function of energy. Positive values of S(E) signal positive slopes in the distribution function. The multiplication by E 2 makes the S scale more like the differential number flux rather than the distribution function, however. For typical TIMAS data, this reduces the range of variability of S and thus makes plotting it with linear scale feasible. Using a logarithmic scale for S would yield to complications because S is a signed quantity. TIMAS one-count level is small enough to be invisible in plots of S(E) appearing in this paper, see e.g. figure captions of Olsson et al. (2004) , for computed TIMAS one-count levels for similar cases of ion shell distributions that we study here.
3.2 Anisotropy from Polar/HYDRA electron detector Polar HYDRA electron data (Scudder et al., 1995) are used for the identification of the polar cap boundary and middleenergy (0.1-1 keV) electron anisotropies. The anisotropies are correlated with auroral plasma waves and ion shell distributions (Janhunen et al., 2003a; Olsson et al., 2004) and have been studied in detail by Janhunen et al. (2004a) , including their statistical properties. The energy-dependent anisotropy is defined to be the ratio of the parallel (average of up and downgoing) and perpendicular electron distribution functions. As a measure of the middle-energy anisotropy we use n−n ⊥ where n is the electron density formed from the distribution function in the usual way but limiting the integration to the 0.1-1 keV energy range only and n ⊥ is a similar expression but computed from the perpendicular distribution function which is extended to other pitch angles. By limiting the integration to positive and negative pitch angles we construct the up minus down anisotropy. The anisotropies are measured in the same units as the plasma density. A more detailed explanation exists in Janhunen et al. (2004a) .
3.3 Ion shell free and original energy density An ion shell distribution contains free energy in the form of positive slopes. Wave activity may flatten out the positive slopes, leaving a plateaued distribution. We have earlier developed a method to estimate the free energy density based on this type of flattening procedure (Olsson et al., 2004) . Given a plateau distribution, one may also ask what was the free energy density of the ion shell distribution from which the present plateau distribution formed. We developed a method to estimate this original energy density as well in Olsson et al. (2004) . The latter algorithm is based on an explicit identification of a plateau in the distribution and reconstructing the original shell distribution by a "sharpening procedure". That the method works correctly was verified by Olsson et al. (2004) using simulated examples.
In this paper we mainly use the difference original minus free energy density. This quantity is an estimate of how much the distribution has thus far lost energy to waves.
Observations of ion beamlets in BPS and PSBL
For all Polar/Timas data in the nightside auroral zone where a clear polar cap is identifiable from Polar/Hydra electron data (about 2000 events) we have manually selected and studied events where ion beamlets occur. Since multiple ion beamlets are not recorded in ion data before we will start by reporting the most basic properties of the beamlets as seen from examples of individual events. In the subsection following thereafter we present the statistics of the occurrence frequency of the ion beamlets. In Sect. 5 follows a presentation of correlation of ion beamlets with broadband waves (26-500 Hz) and anisotropy of electrons. Figure 1 shows examples of randomly chosen ion beamlet events as a function of energy and ILAT for different MLT, altitude and K p conditions. In each subplot there are six panels representing ion beamlets during varying K p index. The six panels are ordered so that the K p index increases when moving downward. The quantity shown is the S-variable (Eq. 1) in fixed linear scale. This is thus a new way to present ion data which is designed to reveal the ion beamlets better than conventional plotting methods. In the top subplots we show examples of ion beamlets at R>4 R E (R is the radial, i.e. geocentric distance) and in the bottom for R<2.5R E . The left and right subplots are for 18-22 MLT and 22-02 MLT, respectively.
Basic properties of ion beamlets in PSBL and BPS
For all plots it is seen that the first beamlet always appears at the boundary to the polar cap, i.e. in the PSBL. For cases where there are multiple beamlets, these occur in a broad latitudinal region adjacent to the polar cap, i.e. in the BPS region. Usually the most poleward beamlet is the most intense, containing the highest energy fluxes.
It is seen in Fig. 1 that the K p index does not have a clear effect on the beamlets.
The ion beamlets occurring at high altitudes generally have a steeper ILAT-energy slope compared to beamlets at low altitude.
The manual inspection also showed that the number of beamlets per auroral crossing is smaller at low altitude than at high altitude. Often at low altitude, only a single beamlet (VDIS) is seen at the PSBL. The effectively poorer spatial resolution at low altitude may explain the difference partly, but probably not fully. Quantitatively, the satellite footpoint moves 30-40 km during one 12 s TIMAS sampling period at low altitude while it moves less than 4 km per 12 s when R>4 R E .
Statistics of ion beamlets in PSBL and BPS
In Fig. 2 the occurrence frequency of ion beamlets as a function of altitude for both high (>2) and low (≤2) K p values is shown. The three subplots correspond to different nightside MLT sectors. In the top panels of Fig. 2 the number of good auroral zone crossings containing a clearly identifiable polar cap boundary in TIMAS data is shown for each radial distance bin. Notice that there is a gap in the middle radial distances (2.5−4R E ) because TIMAS suffered a highvoltage breakdown at the end of 1998 which resulted in a lack of sensitivity that would be very challenging to overcome in the present study. The bottom panels show the occurrence frequency of ion beamlets, i.e. the number of events containing at least one beamlet divided by number of good auroral crossings. For all nightside MLT, the occurrence frequency of ion beamlets is highest around 4-5 R E . The occurrence frequency for ion beamlets is highest for the midnight sector (22-02 MLT). In this sector, the occurrence frequency at around 4-5 R E is 0.5. The occurrence frequency of ion beamlets does not vary significantly with K p .
Beamlet correlation with wave activity and electron anisotropy
The single ion beamlet in the PSBL is often the most intense, while the beamlets in the BPS are usually weaker. When looking at the corresponding distribution functions in velocity space one finds that the most intense beamlets correspond to full ion shells, while the weaker beamlets appear as more or less plateaued distributions. We look through all high-altitude (R>4 R E ) events (36 total) where TIMAS detects beamlets and the PWI instrument was operating (from 1 April 1996 to 16 September 1997). Six events were removed because they did not contain a clearly polar cap boundary probably due to extensive temporal variations, leaving 30 events to study further.
The relevant frequency is the lower hybrid frequency. The considered 30 events span the radial distance range R=4.8−5.4 R E where the lower hybrid frequency varies between 100 and 170 Hz, assuming proton plasma with density in the range 0.3-1 cm −3 . In Table 1 we show the linear and rank correlation coefficient, averaged over the 30 events studied, of nine (3×3) variable pairs. The correlated variable pair is of the form (E, P ) where E is one of three energy density quantities (free energy density, original free energy density and their difference, see section 3.3) and P is the PWI wave amplitude in one of three frequency ranges (26-50 Hz, 50-300 Hz and 300-1000 Hz). The PWI original time resolution is 33 s, but was interpolated to 12 s before correlating with TIMAS energy density quantities. The two lowest frequency ranges display almost equally good correlations. The difference of the original and the free energy density is best correlated with the waves, the original energy density itself being nearly as good. Based on Table 1 and some more trials not reported here in detail we use the frequency range 26-500 Hz in what follows and use the original minus free energy as the ion beamlet measure.
Thus, from Table 1 , the correlation between waves and ion beamlets is ∼50%. It can be asked whether this is high enough to be significant. There are at least three reasons why the correlation cannot be perfect. Firstly, the quantities often show variations in the same time scale as the time resolution of the instruments, thus more correlation might be revealed if the time resolution was higher. Secondly, in many events TIMAS actually measures only every other 12-s interval which effectively halves the time reseolution. The gaps are filled by linear interpolation. Thirdly, our algorithm for finding the free and original energy finds at most one shell or plateau distribution in a given distribution. In cases where more than one shell or plateau exists simultaneously, only one of them is taken into account. We see from e.g. Fig. 1 that cases where multiple beamlets overlap are not rare. We now study how the beamlets correlate with wave activity by using two events considered in detail.
In Fig. 3 we show Polar data from various instruments for 9 May 1997. Panel (Janhunen et al., 2004a) , (e) parallel versus perpendicular middle-energy anisotropy (0.1-1 keV) in red and up minus down anisotropy in green, (f) TIMAS pitch-angle averaged total ion differential energy flux spectrogram, (g) quantity S (Eq. 1) computed from panel f, (h) "free" energy density of ion shell distributions in black, 'original' minus "free" in red. The CPS/BPS boundary in this event is probably near ILAT 64. Panels b, e and h are correlated.
in the middle energy range (0.1−1 keV), computed as explained in Sect. 3.2, while the green line is the up minus down anisotropy. Panel (f) is a standard TIMAS total ion differential energy flux spectrogram and panel (g) is the quantity S(E) derived from it using Eq. (1). Finally, panel (h) shows the "free" energy density of the ion shell distributions in black and the "original" minus "free" energy density in red, see Sect. 3.3 and Olsson et al. (2004) .
Concerning the question what frequency waves correlate best with either of the quantity shown in panel (h), we found that in our events, the best correlation is usually provided by waves with frequency of the order of 100 Hz, e.g. 50-300 Hz. The correlation remains about equally good if the frequency range is extended to 26-500 Hz as we do in panel (b), see also the discussion of Table 1 above. Above 500 Hz the correlation is sometimes reduced by auroral hiss emissions that are also visible in Fig. 3 , e.g. above 70 ILAT they are the predominant emission that occurs most intensely above 1 kHz. In the data we are using here, the frequency range 10-26 Hz is typically not covered, although in the event shown in Fig. 3 , EFI does measure up to 20 Hz (40 samples per second) for a brief time near 71 ILAT. The correlation of 1-10 Hz waves between quantities in panel (h) is clearly inferior to 26-500 Hz, although not poor. Figure 4 shows a second example event. Again the correlation between panels (b), (e) and (h) is good. Ion beamlets in the BPS and PSBL giving rise to noticeable shell distribution free and original energy occur in the ILAT range 71-74. The correlation of the red line in panel (h) with the PWI wave amplitude in panel (b) is quite good in the sense that almost every peak is correlated, although the amplitude of the peaks does not always scale in the same way. We make the interpretation that the ion beamlets contain the free energy which is feeding the waves. A more detailed look of the PWI spectrogram (not shown) indicates that the most important waves have frequency around 100 Hz, which is somewhat below the lower hybrid frequency and in good agreement with the simulation results of Janhunen et al. (2003a) . In that simulation, it was shown that ion Bernstein waves excited over very similar frequency range as seen in panel (a) can use an ion shell distribution free energy and grow to rather large amplitude and also energise electrons in the parallel direction. It is possible that this process is in action in Fig. 4 : there is good correlation between ion shell distributions and ∼100 Hz waves and, furthermore, the electron anisotropy (panel e, red line) also is enhanced at each wave amplitude peak of panel (b). Significant electron anisotropies also occur at 69-71 ILAT, i.e. outside the region of waves and ion shells. Perhaps this is explained by a finite lifetime of the electron anisotropies and continuous convection of the plasma towards lower ILAT.
In this paper we are only interested in ion beamlets and shell distributions occurring in the BPS and PSBL. We have marked the estimated CPS/BPS boundary in Fig. 4 . The shell distribution free and original energy (panel h) are enhanced also at 65-66 ILAT, i.e. in the CPS, but this phenomenon is outside the scope of this paper.
In Fig. 5 we show examples of events with ion beamlets, waves and electron anisotropies. The left-hand panel shows S(E) (Eq. 1) for each event and the right-hand panel shows multiple lineplotted quantities for the corresponding event. The black line is the "original" minus "free" energy density associated with the ion shell distributions (same as red line in panels h earlier in Figs. 3 and 4) . The red line is the electron anisotropy (same as red line in panels e earlier) and the green line is the 26-500 Hz PWI amplitude (same as panel b earlier). The black line scale (keV cm −3 ) is on the left-hand vertical axis and the red line scale (cm −3 ) is on the right-hand axis. The scale of the green line (PWI amplitude) can be inferred from the maximum amplitude value (mV/m) shown textually on the left side of each panel. The maximum integrated downward ion energy flux is also shown textually in mW/m 2 . On the right we show the event date, the letter "L" or "R" indicating whether Polar moves to the left (L) or to the right (R) in the plot, an approximate central UT hour of the event and the mean MLT and radial distance R value during the event. An estimated CPS/BPS boundary position is marked where applicable. Finally, the K p value for each event is shown on the left-hand panel near the upper right corner. In Fig. 5 the events are arranged so that K p increases from top to bottom. The events were selected among cases where energy-dispersed structures (left panel)
are clearly seen and which represent many different K p conditions. During selection process, no attention was paid to how well the variables in the right panel correlate among themselves.
We shall not discuss each event in Fig. 5 in detail. We point out that the correlation between the 26-500 Hz waves and the shell distribution original minus free energy density is rather good (∼50%) in all cases, although not all peaks seen in wave data can be identified in ion data and vice versa. Green line is unnormalised perpendicular wave power from EFI (12-s averaged); its attained maximum is written on the left ("maxwave"). Maximum downward ion energy flux from TIMAS during time when free energy exceeds 0.02 keV cm −3 is also given; the value is given at the ionospheric level by multiplying the measured value by flux tube scaling factor. Event date and average UT-hour, MLT and radial distance are also given. The letter L(R) after the date indicates that satellite is moving to the left (right), i.e. towards decreasing (increasing) ILAT.
Summary and discussion
The motivation for this study is to show observations of multiple ion beamlets in the PSBL and BPS regions. Multiple beamlets have previously been predicted in theoretical work. We present the basic properties of multiple ion beamlets in the PSBL and BPS and study how the beamlets statistically depend on altitude, MLT and K p . For 30 events we had the possibility to study high frequency wave data (Polar/PWI), electron anisotropy (Polar/HYDRA) and free energy of ion shells in ion beamlets (Polar/TIMAS). In all events we found that the parameters correlated and in the study we present some examples of individual events. We believe that the multiple ion beamlets, waves (26-500 Hz) and electron anisotropy are all important parameters in the auroral process and are part of the energy chain in the upper part of the auroral acceleration region. The frequency interval can be made more narrow than 26-500 Hz without much reducing the correlation as long as the range 50-180 Hz or so is included. Below we summarize our findings.
1. Ion beamlets occur in the PSBL and BPS. They are most common in the midnight and late evening MLT sectors.
2. The ion beamlets are about equally common at low (R<3 R E ) and high (R>4 R E ) altitude, but their types are different. The low-altitude events usually contain only one energy-latitude dispersed feature (VDIS) often over broad ILAT range, while multiple beamlets are often observed at high altitude. The high altitude beamlets usually show a steeper energy-latitude profile than the low altitude ones.
3. Ion beamlets probably occur on most auroral crossings in the nightside and late evening MLT sectors where the observation is not too much disturbed by a motion of the plasma sheet while Polar is crossing it. Based on the manual search the occurrence frequency in the evening and midnight MLT sectors is 30-50%.
4. The occurrence frequency and other characteristics of the beamlets do not markedly depend on the K p index.
5. The ion beamlets often correlate with electron anisotropy (0.1-1 keV electrons) and electrostatic waves (26-500 Hz).
The study of ion beamlets is related to the question of what powers stable discrete auroral arcs and gives the highly structured latitudinal profiles of the low-altitude electron energy flux. The ion beamlet study emphasises the morphology in latitude-energy space whereas our earlier study of the free energy density of ion shell distributions (Olsson et al., 2004) emphasised the more quantitative energy aspect. One motivation for this morphological study is that the 6-D ion phase space could possibly contain free energy in subtler ways than in the form of traditional ion shell distributions (e.g. for lower hybrid drift waves, spatial inhomogeneities could be important). Thus the ion shell and beamlet approaches are complementary: the ion shell approach is quantitative, but more limited in the type of structures that are considered, the beamlet approach is qualitative and morphological, but reveals more general structures.
A natural question first hinted at by Ashour-Abdalla et al. (1992) is: are ion beamlets responsible for the observed rich latitudinal structure of auroral arcs and arc systems? Although we cannot give a definite answer yet, based on the data presented here we consider this as a real possibility. The latitudinal scale sizes and extents of the beamlets correspond to that of typical arc structures. It takes Polar about half an hour to pass through the beamlet region above R=4 R E ; already the fact that beamlets are consistently observed is by itself an indication that they have something to do with persistent, slowly varying structures such as stable auroral arcs. In disturbed events the energy-latitude structures break up, which is also what happens to auroral arcs in such conditions.
If the ion beamlets are responsible for creating stable discrete auroral arcs, the overall energetics should also find an explanation. The net parallel downward ion energy flux is often sufficient locally to power the aurora below, but there are usually nearby regions where the net ion energy flux is upward (often this is due to intense upgoing ion beams). Thus, energetically the parallel downward ion energy flux does not seem to be quite sufficient to power stable aurora plus ion beams. One must remember, however, that the plasma sheet ions can also move considerably in the perpendicular direction during one bounce period. While drifting earthward and westward, they are also continually energised by the betatron and Fermi acceleration (i.e. they gain energy from the largescale electric field). A study of the auroral energy balance taking into account also the perpendicular components of the energy flux vector should therefore be made before the energetic importance of plasma sheet ions in powering stable aurora can be answered.
Finally, we comment item 2 listed above, i.e. why at low altitude one rarely sees multiple beamlets, but usually one sees only one velocity-dispersed structure. The latitudinal width of the single structure is also typically larger than at high altitude, i.e. the slope of the energy versus latitude feature is smaller. The fact that the instrument time resolution of 12 s is not enough at low altitude to resolve latitudinally narrow structure is one factor, but we think that it is not enough to explain this finding. Sensitive and high time resolution ion instruments on satellites at low and middle altitude would be good for studying this question.
